In this study, metal particles were added during the spot friction welding (SFW) process, a solid state sheet metal joining process, to create a localized metal matrix composite (MMC) for the improvement of lap shear strength in AISI 6111-T4 aluminum alloy sheets. The Ancorsteel V R 1000 particles were compressed between the upper and lower sheets and distributed concentrically around the tool axis perpendicular to the plate surface, which formed a localized MMC and were effective as the reinforcement particles in aluminum 6111-T4 alloy sheets. Results revealed that the MMC reinforcement improved the lap shear strength of SFW joints by about 25%. An aluminum-ferrous solid solution was formed around the steel particles along the aluminum matrix interface. The load-deflection curve shows that the steel particle MMC increased both the strength and ductility of SFW joint. This is attributed to two phenomena observed on the failed lap shear tensile specimens with SFW MMC. One is the longer and more torturous crack path, and the other is the secondary crack on steel particle MMC reinforced SFW joints.
Introduction
MMC has proven to provide higher strength, better creep resistance, and improved fatigue life compared to unreinforced metals [1] . MMC can be formed by liquid state processing (e.g., infiltration and dispersion) or by solid state processing (e.g., powder consolidation and diffusion bonding) [2] . Friction stir welding (FSW) is a solid state process that has the potential to create the MMC in-situ at the joint during the welding process. In FSW, a rotating tool traverses along a joint line vigorously stirring the adjacent materials. Frictional heat generated by stirring causes the material to soften and create a solid state bond at the interface between the two sheets. Mishra et al. [3] added reinforcement particles during friction stir welding for the in-process fabrication of a 50-200 lm MMC surface layer. Microhardness of this layer (85-173 Hv) almost doubled with 27% SiC particles compared to the baseline samples of 5083 aluminum alloy. Wang et al. [4] investigated the bulk dispersal of SiCp particles wider and deeper (5 mm Â 2 mm) into aluminum alloy by the FSW process. A 10% increase in microhardness over the base material (88-97 HV) was found at a depth of 1 mm below the surface. Storjohann et al. [5] found that friction stir welding of 6061-Al 2 O 3 (Al-MMC) composite yielded a good joint without degradation of the microstructure whereas, with fusion welding, disassociation and clumping of Al-Al 2 O 3 composites occurred.
SFW is an extension of FSW, where there is no horizontal traverse of the tool. In the SFW process, a rotating tool is plunged into two overlapped sheets, which vigorously stirs the material to create a solid state bond. With the increase in the use of lightweight aluminum structures, the automotive industry is faced with new challenges of how to join aluminum alloys without degrading joint performance or increasing cost and weight. For aluminum alloys, as reported in Sun et al. [6] , Thornton et al. [7] , and Gean et al. [8] , the conventional method of joining by resistance spot welding poses many technical issues, which include the weld porosity, electrode wear, and inconsistency in failure modes. As a result, the automotive industry is investigating new methods, such as structural adhesives, rivets, and toggle-locks, to join aluminum panels. The SFW process provides a potential optimal solution in terms of joint strength performance, weld quality, and operating cost without adding additional weight [8] . SFW of aluminum is being used in current production on Toyota Prius trunk lid, hood, and the Mazda RX-8 rear doors. These implementations have demonstrated the feasibility of SFW as a production joining method for automotive light-weight aluminum structures.
For a given work-material, the SFW joint strength is maximized by optimizing the tool geometry and process parameters. Several studies have been conducted to maximize the joint strength and provide recommendation on process parameters. The conclusions were often mixed. Badarinarayan et al. [9] found that tool geometry had a significant effect on the partial metallurgical bond formed in the weld region between the overlapped metal sheets. Freeney et al. [10] showed that the higher weld strength was accomplished at a lower spindle speed and increasing the depth of penetration did not significantly contribute to weld strength. However, Sakano et al. [11] and Arul et al. [12] showed that the maximum lap shear load initially increased but then peaked and decreased as spindle speed increased. Beyond process and tool geometry optimization, forming the MMC at SFW joint can further increase the joint strength.
Geni and Kikuchi [13] and Bao et al. [14] have conducted theoretical investigations of MMC. Whitehouse and Clyne [15] created MMC using spherical Al 2 O 3 particles (diameter of 10 lm), short fibers (diameter of 3 lm), and angular cuboids (diameter of 10-15 lm) with reinforcement volume fractions of 10% and 20% distributed uniformly in a commercially pure aluminum matrix.
It is hypothesized that the addition of steel particles during the SFW process will increase the strength and toughness of the joint. The goal of this study is to fully investigate the effect of MMC formation on the SFW joint, including material analysis of the MMC formation and lap shear failure mode and quantification of the lap shear strength. In this paper, Sec. 2 explains the preweld specimen preparation and SFW processing to create the MMC. Fig. 1(a) , was used to produce the displacement controlled SFW welds presented in this study. Figure 1(b) shows the fixture used to secure the upper and lower coupons of the materials to be welded. A zirconium (ZrO 2 ) ceramic anvil was used to support the workpiece. ZrO 2 has low thermal conductivity to reduce the conduction heat loss during the SFW process and facilitate higher nugget temperatures. Over the top of the weld, a rigid steel fixturing cover plate was used to ensure the coupons were in good contact and to minimize the separation and plasticized material flow between the upper and lower workpiece during the SFW process. A 15 mm diameter hole in the cover plate provided access to the center of the overlap area on the workpiece where the SFW process takes place.
The SFW tool was made of H13 tool steel with a hardness of Rc 47-50. The tool had a concave shoulder with 10 mm diameter and a pin with left-handed threads (inner and outer diameter of 1.7 and 2.5 mm, respectively).
Specimens and Particles.
The work-material is AISI 6111-T4 aluminum alloy, the most widely used aluminum alloy in automotive body panels. The rectangular aluminum sheets were cut into 25.4 Â 101.6 mm coupons, and the specimens were prepared by stacking a 1.3 mm thick coupon over a 1.5 mm thick coupon with a 25.4 Â 25.4 mm overlap. The coupons were thoroughly cleaned using acetone to remove all foreign material. The chemical composition of Al 6111-T4 is shown in Table 1 .
Ancorsteel V R 1000 particles [16] with sizes ranging from 45 to 250 lm, as shown in Fig. 2 , were used as the reinforcement particles for SFW MMC formation. The Ancorsteel V R particles were chosen because they were found to provide improved embedding and joint strengthening than SiC, Al12Si, or Cu particles in an empirical study [17] . The Ancorsteel V R particles were manufactured by atomizing molten steel to form irregular, homogeneous particles. The chemical composition of Ancorsteel V R 1000 and the aluminum 6111-T4 work material are shown in Table 1 . Figure 3 illustrates the steel particles and MMC formation process in the SFW joint. For each MMC specimen, approximately 15 mg of steel particles were weighed. The steel particles were then placed on the upper surface of the lower coupon where the vertical axis of SFW tool intersects the workpiece (center point of the overlapping area). The upper coupon was then placed on top of the steel particles, taking care not to significantly disturb the particles. Thereafter, the coupons were clamped under the steel cover plate, sandwiching the particles between the upper and lower coupons, as illustrated in Fig. 3 .
Experimental Procedure.
The ZrO 2 support marked as anvil in Fig. 3 is placed under the lower coupon to support the tool's axial force during SFW and minimizes the heat loss to the anvil. In the second step, Fig. 3 , the rotating tool plunges into the surface of the upper specimen, resulting in a large axial force, and through the combination of the kinetic friction and axial force, frictional heat is generated. The heated and softened material adjacent to the tool deforms plastically in a vortex like motion, and a solid state bond is created at the interface of the upper and the lower sheets. The vortex motion is largely influenced by the process parameters and tool geometry and determines the final distribution of the supporting material in the joint. In the final step, Fig. 3 , the tool is withdrawn from the coupons. The duration from when the tool pin initially contacts the upper sheet until the tool begins to be drawn out is defined as the cycle time.
After two coupons are spot friction welded together, they are referred to as a specimen in this paper. Three baseline and five MMC experiments were successfully completed, and the order of experiments was randomized to reduce the influence of systematic errors in the data collection. Of the four specimens, three were used for lap shear testing and one for microstructure analysis. 
Process Parameters.
For this study, a displacement controlled process was used with a tool rotational speed of 2250 rpm and a depth of penetration of 2.5 mm. The depth of penetration was achieved in two stages. For the first 2.1 mm (80% of the tool plunge depth), the tool entered the coupons at a higher rate of 272 mm/min to quickly generate heat and increase cycle time. The remaining 0.4 mm (20% of the tool plunge of the depth) was plunged at a much lower rate of 14 mm/min for sufficient mixing in the weld zone. For specimens made with steel particles, an additional 2 s of dwell time was added to allow steel particles to further breakdown and spread around the joint in the stir zone.
Weld Joint Strength Testing.
The maximum lap shear load was measured to determine the SFW joint strength. Specimens were tested in tensile mode using an Instron V R model 4502 testing machine. The crosshead displacement speed was set at a rate of 10 mm/min. No spacer was used during testing to compensate for the offset created by the lap joint. The load and displacement were simultaneously recorded during the test, and the tests were terminated after the maximum load was reached.
Results
In this section, first the geometry and the chemical composition of untested SFW specimen with steel particle MMC are presented. Then, the joint strength and failure mode of specimens with and without steel particles are presented.
Metallurgical Analysis of SFW Specimen With Steel
Particle MMC. The macrograph of the cross-section of a typical SFW specimen with steel particle MMC is shown in Fig. 4 . Two distinct regions of a typical SFW joint can be identified. Figure  4(a) shows the thermomechanical affected zone, where the upper and lower coupons have completely mixed. In the stir zone along the bottom of the key hole, the steel particles were refined due to breaking by mechanical action and forged into the aluminum alloy workpiece. These particles are compressed against the lower coupon and fractured into significantly smaller particles as a direct result of the severe plastic deformation due to the large contacting force at a relatively low temperature [18] . However, some particles were compressed and remained along the joint line. Figure  4 (b) shows the joint line area in the heat affected zone, where the so-called kissing bond occurs [19] . These particles remain at about the same size as the original particles, as shown in Fig. 2 .
As the tool travels further down during plunging, some of these particles are compressed, moved vertically down, and embedded into the lower sheet [20] . A portion of the steel particles transported to the root of the weld is also drawn upward and outward toward the shoulder of the tool by its auguring action. The crescent-shaped distribution of the steel particles in the stir zone region gives an indication of the material flow and is shown in Fig. 4 [21] . Figure 5 shows SEM micrographs of a progressively enlarged region of the stir zone. The dark region represents the 6111-T4 alloy and white region represents the Ancorsteel V R particle. In the stir zone, Figs. 5(d) and 5(e), the size of steel particle has significantly reduced to about 1-10 lm from the original particle size of larger than 45 lm. SEM micrographs show that the large particle size in this region was 8-10 lm, as shown in Fig. 5(d) , and the small particle size was less than 3 lm, which is shown in Fig. 5(f) . In some areas between the steel particle and the 6111-T4 alloy, a transition zone exists. For example, Fig. 5(f) shows the gray transition zone surrounding a steel particle. An elemental composition by energy dispersive X-ray (EDX) analysis of this area is shown in Fig. 6 . In the dark region (marked as A), which is the 6111-T4 base material, the aluminum (Al) dominates the distribution. In the white region (marked as B), where the Ancorsteel V R particle is present, iron (Fe) dominates the distribution. In the gray region at the interface between the particle and aluminum alloy base material (marked as C), a solid solution between the aluminum and iron is formed. The EDX chemical composition based on weight of three selected particles, which formed solid solution in the stir zone, is shown in Table 2 . Particle 1 is the same as that shown in Fig. 5(f) . The remaining two particles, namely particle 2 and particle 3, were chosen through random selection. In the matrix, as expected, aluminum dominated the X-ray count and it ranged from 84% to 97%. Similarly, in the steel particle, iron dominated the X-ray count and it ranged from 79% to 87%. In the solid solution, aluminum ranged from 21% to 61% and iron ranged from 36% to 79%.3.2 Effect of Steel Particle MMC on SFW Lap Shear Strength.
The average of maximum lap shear load and the average displacement at the maximum load for the three baseline and five particle MMC SFW specimens are shown in Table 3 . The average maximum load for specimens with particle MMC was 25% higher than that of the baseline specimen, and the displacement at maximum load was 55% higher for the particle MMC specimens compared to the baseline.
Macrographs of the tested specimens (baseline and with steel particle MMC) with enlarged views of the fracture region are shown in Figs. 7(a) and 7(b) , respectively. For both specimens, the crack initiated at the outer joint interface between the upper and lower coupons and traveled upward and inward toward the free edge of the shoulder surface. The load deflection curve of three samples, one baseline and two MMC SFW specimens, are provided in Fig. 8 . After the initial rigid body movement due to slack, an elastic deformation region can be identified up to about 0.8 kN loading. Beyond the elastic region, the slope of the loaddeflection curve for the MMC specimens is smaller than the baseline specimens (sample #1 in Fig. 8 ). The small cracks observed due to the presence of steel particles were thought to cause larger voids in the reinforced material as it was stretched [2] . Since the reinforcement particles are settled between the transition point and the free edge of the shoulder, as shown in Fig. 4(b) , it is thought that this crack path must fracture through or around the steel particles, progressing via void nucleation and growth to failure, as observed in Fig. 7 . The samples with this torturous crack path and void nucleation growth also have higher displacement and higher fracture loads for the MMC specimens compared to baseline specimens.
The load-deflection curve obtained from the MMC SFW joint is similar to that of the homogenous material, as shown in Fig. 8 . However, typical stress-stain curves of MMC show that they are generally stiffer than the homogeneous material [14] . Visual examination of specimens revealed that both the baseline and the MMC specimens failed by ductile mixed mode fracture. Two out of the three tested specimens of the MMC exhibited a half-moon shaped secondary crack in addition to the primary crack, which was not present in the baseline specimens. Pictures of the primary crack of the baseline specimen (sample #1-baseline) and primary and secondary cracks of one of the MMC specimens (sample #3-MMC) are shown in Fig. 9 . Sample #2-MMC did not have a secondary crack.
In this study, for both baseline and particle MMC coupons, the crack originated in the kissing bond region [19] . Once the crack is initiated, the crack tip can travel toward either the free edge of the pin hole resulting in shear fracture or the free edge of the shoulder resulting in mixed mode fracture [22] . Both the baseline and the particle reinforced MMC specimens exhibited mixed mode fracture, whereby the front edge of the crack tip reaches the free edge Matrix  94  3  3  84 14  3  97  2  1  Interface  61 36  3  33 66  1  25 74  1  Steel particle 14 85  1  20 79  1  12 87  1 of the shoulder indentation on the upper sheet, travels along the circumference near the shoulder indentation, and finally tears off. The mechanism of crack initiation is different between the baseline and particle MMC specimens. In the case of baseline specimen, which is a homogeneous material, due to the stress intensity factor, load, specimen, and weld geometry, the strain level reaches a critical value, a crack is formed at the transition point, and the front edge travels along the circumference of the shoulder indentation and separates at the other end of the weld. In the case of particle MMC specimens, the steel particles are clustered between the joint line and the free edge of the shoulder surface of the upper coupon, Fig. 4(b) . During the lap shear loading, with increase in load, the void quantity as well as the void size increase between the reinforcement particles and the matrix [15] . These voids are considered as microcracks. Once the main crack reaches the transition region, C in Fig. 6 , the forward movement of the main crack is influenced by these microcracks. The microcracks are ahead of the front tip of the main crack, and the main crack path is deflected toward these microcracks [23] . The microcracks subsequently become part of the main crack, resulting in a torturous crack path. In some instances, the reinforcement particles were damaged during the processing or large enough so that they developed cracks and joined the main crack path. In this study, both microcracks and particle fracture were observed, as shown in Fig. 10 . The particle cracking is illustrated in Fig. 10(a) , whereby larger particles have greater propensity to fracture. The other method is where voids at the interface between the steel particles and the matrix grow and aid in failure process and is illustrated in Fig. 10(b) .
3.3 Effect of MMC on Material Stiffness, Strength, and Failure Mode. Postmortem microstructure analysis of sample #2-MMC and sample #3-MMC was carried out to explain the differences in the load-deflection curves. A cross-sectional macrograph of sample #2-MMC and enlarged view of the failed area, divided into three regions, is shown in Fig. 11 . In region I, with very few reinforcement steel particles, the failure mode and the load-deflection curve are expected to be similar to those of the baseline. In region II, nonuniformly distributed steel particles of larger size (> 30 lm) have high stress concentration, resulting in yielding of the matrix at a lower stress at particle/matrix interface. This results in a more compliant load-deflection curve and a torturous crack path since the crack propagates around the steel particles. In region III, agglomerated steel particles with good bonding in the matrix strengthen MMC [24] . With SFW MMC, both particle cracking and matrix failure occurred to extend the crack path, as shown in Fig. 10 , but the crack path is not torturous enough to increase the total elongation by 55% compared to that of the baseline. Therefore, there must be some other phenomenon happening in region III that increases the total elongation. One possible explanation is that, in another cross-section in this area, there is very little reinforcement from particles, and the crack path Table 3 Average maximum lap shear load and the average displacement at maximum load for baseline and particle MMC Fig . 7 Macrographs of tested specimens showing enlarged view of cracked area in (a) without steel particle MMC (baseline) and (b) with steel particle MMC Fig. 8 Load-deflection curves for the baseline specimen (sample #1-baseline) and particle reinforced MMC specimens (sample #2-MMC and sample #3-MMC) travels in and out of the plane while the load is being carried by the agglomerated reinforcement particles. The bottom side of the upper sheet and top side of the lower sheet of the sample #3-MMC were analyzed for more information about the area of failure. The SEM back scattered images, shown in Fig. 12 , indicate that the secondary cracks occurred in the area where the particles (bright color) are distributed. The back scattered images also show that the particles in these surfaces are concentrated (nonuniform distribution) on the upper coupon. This nonuniform distribution results in high stress concentration at the particle/matrix interface, resulting in yielding of the matrix material at a lower stress compared to that of the baseline. A progressively enlarged view of the secondary crack on the bottom side of the upper sheet of sample #3-MMC is shown in Fig. 13 . Based on cup-cone features exhibited at the failed surface, the specimen in this area failed by ductile failure. An SEM EDX analysis was done on the bottom side of the upper sheet and top of side of the lower sheet, as shown in Fig. 14. The EDX analysis shows that the bottom side of the upper sheet had 6111-T4 alloy and the top side of the lower sheet contained both the aluminum and iron from the sheets and particles. The absence of steel particles on the bottom side of the upper sheet and steel reinforcement particles forming intermetallic compound with aluminum at the top side of the bottom sheet confirms that the yielding occurred at the particle/matrix interface first and then the crack initiated by void nucleation. Using the SFW process, localized MMC was formed in the weld nugget. Steel particles were distributed throughout the thermomechanically affected zone. In some cases, solid solutions were formed between the steel particle and aluminum 6111-T4 alloy. The results showed that the maximum lap shear load increased by 25% with steel particle MMC compared to that of the baseline. The 55% higher displacement in the load deflection curve and the crack geometry of the failed specimens indicated that the crack path is more torturous and, therefore, longer for the steel particle MMC compared to that of the baseline. This could be seen through SEM and EDX analyses along the joint interface that revealed a localized MMC was being formed, which impeded the crack propagation. This increase in the length of the crack path leads to an increase in the maximum lap shear load for the steel particle MMC SFW.
The selection of particles for SFW MMC is a good future research topic. The Ancorsteel V R 1000 particle was selected after trial testing of different types of particles. A better understanding of the MMC reinforcement mechanism in SFW and more extensive testing could help the future particle type and size selection to further improve both the strength and ductility in SFW. 
